Thermal behavior and mechanical properties of Y 2 SiO 5 environmental barrier coatings after isothermal heat treatment
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Introduction
As a high-efficiency energy conversion system, the gas turbine plays an increasingly important role in various applications, such as stationary power generators and aircraft jet engines 1) . Operation temperature is one of the main factors that must be taken into account in order to evaluate a turbine system, and it is generally known that combustion efficiency increases with increasing operation temperature. Recently, a 1600 °C-class, high-efficiency J-type gas turbine has been developed. Relative to the 1300 °C-class E-type gas turbine, the J-type can reach a combined cycle efficiency as high as 61.5% 2) . Generally, the upper limit of operating temperature for the hot gas path parts (HGPPs) of last-generation gas turbine materials, i.e., thermal barrier coatings (TBCs) plus super alloys, is about 1300 °C. Hence, these materials are not able to fulfill the requirements of the new-generation gas turbine hot parts.
Therefore, a new advanced material is required [3] [4] . Because of their excellent high-temperature mechanical properties (e.g., retention of high-temperature strength and toughness up to 1600 °C), non-oxygen silicon-based ceramics such as silicon nitride (Si 3 N 4 ) and silicon carbide (SiC) are of interest as candidate materials for the HGPPs of new-generation gas turbines. However, since it is prone to hot-corrosion in thermally extreme environments, the development of environmental barrier coatings (EBCs) is mandatory [5] [6] [7] [8] . In addition to high melting point and low thermal conductivity, ideal EBC materials should have low oxygen diffusion, favorable
chemical stability, thermodynamic compatibility with the substrate, and a coefficient of thermal expansion (CTE) closely matched to that of the substrate [9] [10] [11] . Based on the above criteria, mullite (3Al 2 O 3 2SiO 2 ) has been investigated as a first generation EBC material 12) . Single-layer mullite top coatings exhibit low oxygen diffusion and a perfect CTE match with non-oxygen silicon-based ceramic substrates. However, the lack of thermal shock resistance of mullite top coatings will cause microcracks at service temperatures above 1000ºC, leading to degradation such as premature delamination from the substrate 13) . 14) . Unfortunately, the problems in terms of CTE mismatch that occur in multi-layer structures are normally more serious than in single-layer EBC structures 15) . coatings by other coating techniques are rarely seen. Furthermore, investigations of the influence of isothermal heat treatment on these coatings have not been conducted.
In previous work, a more cost-effective, more convenient variation of the flame-spray coating technique has been employed to create Y2SiO5 EBCs top coatings using flame spheroidization (FS) feedstock 18) . The results showed that, compared with APS coating technique using spray-dried feedstock, the coating surface morphology showed melted splats but not all of them were fully flattened. In addition, some entrapped porosity in the flattened zone was observed 19) .
In the present study, the isothermal heat treatment of Y 2 SiO 5 EBC top coatings produced by flame spray using powder feedstock has been performed at 1180 °C and 1480 °C for various exposure times. The influence of different heat treatment temperatures and holding times on the coating microstructure, crystallization and thermally grown oxide (TGO) phenomena have been investigated by scanning electron microscopy (SEM), X-ray diffraction (XRD), and energy-dispersive X-ray spectroscopy (EDS) analysis, respectively. Moreover, the influence of crystallization on the mechanical properties such as Martens hardness and Young's modulus were also investigated.
Experimental procedures

Sample preparation and isothermal heat treatment
The SiC substrate was prepared by powder processing and spark-plasma sintering (SPS). The SiC powder was put into a graphite mold with a diameter of 30 mm. The mold was placed in the spark plasma apparatus (Syntex, Inc. Co., Japan) and the temperature was raised to 1400-1600 °C in a vacuum of 10 -2 Pa. The sintering was conducted under 60 MPa of pressure.
In our previous work, a Y 2 SiO 5 top coating was deposited on a silicon bond coat as an EBC on a silicon carbide substrate by a flame-spray coating technique which used an oxygen-acetylene gun (model CastoDyn DS 8000, Eutectic Castolin, Madrid, Spain). The torch input power was 28 kW, the acetylene-oxygen volumetric flow ratio was that of the stoichiometric mixture and the oxygen and acetylene pressures were 4 ×10 5 and 7×10 4 Pa, respectively. The stand-off distance was the same employed for 15 cm. The details of the coating process are described elsewhere [19] [20] .
In the present study, the as-sprayed samples (including coatings and substrate) were cut with a diamond saw into 30 mm × 30 mm specimens with a thickness of 5 mm.
After ultrasonic cleaning with acetone and ethanol, the isothermal heat treatment was carried out in a laboratory environment using a furnace with a maximum temperature capability of 1700 °C (KBF314N, Koyo Thermo Systems Co. Ltd., Japan). The isothermal heat treatments were performed at 1180 °C and 1480 °C with holding
times of 1, 10, 50, and 100 h. The heating rate was 5 °C per minute; after the heat treatment, the treated samples were naturally cooled back down to room temperature.
Characterization
Phase maintain accuracy, the center area of the top coating of each sample was chosen as the test region through the simultaneous observation by optical microscopy. In addition, optical microscopy is also used to avoid the pores and un-melted feedstock that inevitably exist in ceramic coatings. Finally, the Martens hardness (HM) was obtained from the following equation 21) :
where F is the maximum force and h is the depth corresponding to the maximum force, the 26.34 is projected contact area which is a constant that applies when using a 115° triangular pyramid indenter.
In this study, the indentation elastic modulus (E it ) was regarded as Young's modulus of the coatings, which can be proposed as the following equation , moreover, the converted elastic modulus based on the indentation contact E r can be extracted from the following relation 22, 24) :
where A is the indenter contact area, dp is the load increment and dh is the increment of the indentation depth in the range of 60-95% of maximum load for unload after loading. Eugenio et al. [19] [20] .
A C C E P T E D
Thermal behavior by isothermal heat treatment
The XRD patterns of Y 2 SiO 5 coatings after isothermal heat treatment at 1180 °C for different exposure times are compiled in Fig.4 . Even though no crystallinity is coating; this will be discussed subsequently.
A C C E P T E D M A N U S C R I P T ACCEPTED MANUSCRIPT
The surface morphology of the coatings after isothermal heat treatment at 1180 °C is shown in Fig.6 . The morphology exhibits melted and flattened splats, and the flat structure of the splats implies well bonded and dense coatings. Macroscopic networks of evenly spaced cracks were exposed in SEM images (a) and (b) at low magnification. Certainly, they also exist in (c) and (d), but the widths of the micro cracks are so narrow that they have to be observed utilizing a high magnification SEM image (g) and (h); this indicates that the width of the cracks decreased as the heat-treatment times increased. This phenomenon can be attributed to volume changes, which were produced by grain growth in the top coatings after isothermal heat treatment. As shown in the high magnification SEM image, slight grain growth was observed in Fig.6 (f) after 10 h of heat treatment, and holistic crystallization occurred after 50 h, showing good agreement with the analysis above.
A cross sectional SEM image of an isothermal heat-treated sample after 100 h of heat treatment at 1180 °C is shown in Fig.7 (a) . The TGO layer can be clearly observed at the interface between the top coating and bond coating. To determine the composition of the TGO (the darkest area, average thickness: 20µm), an EDS line scan was performed across the TGO zone. The above analyses show good agreement with Fig.9 ; thus, these coatings exhibit a trend of improved mechanical properties that increase not only with heat treatment times, but also with temperature.
Another important mechanical property, Young's modulus, was also measured. The influence of temperature and/or heat treatment times on the Young's modulus of the coatings after isothermal heat treatment at either 1180 °C or 1480 °C is shown in Fig.10 . The as-sprayed sample shows a Young's modulus value of nearly 127 GPa.
However, after isothermal heat treatment at 1180 °C or 1480 °C, The Young's
16 modulus values show the same tendency as the the Martens hardness that was shown in Fig.9 . The result exhibits a steadily rising trend with increasing heat treatment times. Moreover, the Young's modulus of the coatings after heat treatment at 1480 °C is higher than that after heat treatment at 1180 °C. This result can also be attributed to the fact that crystallization phenomena at relatively high temperatures occur faster and more completely than at relatively low temperatures.
Conclusions
In this study, the influence of different heat treatment temperatures and holding times on the microstructure, crystallization, and thermally grown oxide behavior of flame-sprayed Y 2 SiO 5 coatings were investigated. Moreover, the influence of crystallization on mechanical properties such as Martens hardness was also studied.
The main conclusions to be drawn are as follows: 
Figure captions
